This study of aortic root flow velocity profiles, suggests that the flow velocity pattern is parabolic rather than flat as has been widely supposed . To analyze the distribution of Sow velocity, a special ultrasound pulsed Doppler velocity flow meter, with a direct probe on the aortic wall, was designed . Sixteen patients, none with a diagnosis of aortic calve disease, were examined just before undergoing open heart
In a previous study of 60 surgically removed aortic valves (1), we found that the distribution of aortic valve calcification was not uniform . Rather, calcification almost always occurred first at the commissure of the right coronary and the noncoronary cusps and then gradually extended to other commissures and cusps . The fact that this calcification pattern occurred in any kind of aortic valve disease indicated that it is most probably associated with the blood flow . We began our current study by examining many previous reports on blood flow dynamics in the ascending aorta .
In several animal (1-8) and human (9) studies reported between 1971 and 1984, it was observed that the flow velocity profile in the ascending aorta 2 cm above the aortic valve was generally flat but occasionally exhibited a skewness toward the left and anterior wall . These studies were performed fast with a hot-film anemometer and later with a pulsed Doppler probe.
Based on fluid dynamic theory and observation, there is general agreement, usually referred to as inlet theory (10) . that boundary layers in the entrance area are thin, so little convective acceleration occurs there . Nevertheless, because the previous investigations have shown skewed flow velocity profiles at the site close to the aortic valve and because we believe that the fluid dynamics near the aortic valve are considerably more complex than current hydrodynamic theFrom the Department of Thoracic Surgery, Faculty of Medicine, Univer. sity of Tokyo, Tokyo, Japan . This study was presented in pan at the 351h Annual Meeting of the American College of Cardiology, Atlanta . Georgia, March 13 01999 by the American Culture of CardaaI,gy surgery. Parabolic velocity patterns were always found, and it was determined that the parabola was skewed rightward toward the anterior wall . Furthermore, it was shown that the flow velocity vector was initially directed toward the commissure of the right coronary and the nonceronary cusps.
(J Am Coll Ccrdiol 1988,12 :947--54) 947 ory allows, we considered it worthwhile to conduct very precise measurements of the blood flow velocity in the aorta . The purpose of this paper is to describe the flow velocity distribution found in the human aorta within I to 2 cm of the aortic valve .
Methods
Study patients . Sixteen patients, nine men and seven women, whose ages ranged from 40 to 71 (average 53) years, were studied . The diagnoses included atria) septa) defect in eight patients, coronary artery disease in five and mitral valve stenosis in three . The aortic valve and left ventricular wall movements of all patients were confirmed as normal by echocardiography and cineangiography .
Pulsed Doppler velocity meter (Fig . 1 ) . This device was equipped with a transduce-using a 5 MHz ultrasound frequency with the following specifications: pulse width . 2 .11 µs: pulsed repetition frequency, 22.5 KHz ; and angle of intersection between the Doppler beam and axis of the vessel, 60°. The maximal depth that can be measured is regulated by pulsed repetition frequency, and so in this application it is about 33 mm assuming the sound velocity in tissue to be 1,500 ms -' . The resolution (R) is limited by pulse width as R = C . oil (where C = sound velocity and r = pulse width) : in this d' .-vice it is about 1 .6 mm . Thus, the reflected ultrasound beara is divided into 20 adjacent gates of about 1 .6 --1 .7 mm length . Because of the thickness of the probe, the first two gates are in the probe . Furthermore, considering the 60°angle between the ultrasound beam and the axis of the aorta, the diameter of the vessel in which the velocity can be measured is approximately 25 .5 mm . Because the average diameter of the ascending aorta is about 25 3775.1097181!55.50 mm, it was considered to be deep enough . The highest velocity that can be measured with this instrument is about 225 cm/s . A zero crossing detector was used to generate the velocity values.
Preliminary tests of this iust toneet were performed during both steady flow find pu(sarile floor (Fig . 2) . The steady flow system consisted of a 2 liter reservoir connected to a vinyl chloride tube of 19 mm diameter . The probe was mounted on the tube far enough downstream of the reservoir to eliminate entrance effects and to assure a parabolic velocity profile (about 0 .065 . Reynolds number . diameter for steady flow) . The measurements made at a Reynolds number of 2,050 ( Fig. 2A ) are compared with a parabolic velocity profile calculated from the volume flow rate . The presumed parabolic profile is superimposed on the measured data.
Pu(sarileflow studies employed a vinyl chloride tube of 19 mm in diameter attached to a pulsatile flow pump (Harvard model 1421) . .An example at a peak flow rate of 27 ml/stroke is shown in Figure 2B . This flat profile is compatible with the theoretical profile . Thus, it was concluded that the pulsed A B JACC Vol . 12 .N,, .4
Ocbacr 1989 :947-54 Figure 3 , The probe is mounted on the straight part of the ascending aorta tell) and the ultrasonic beam does not reach the closure line of the aortic valve (right). This relation between probe and aorta was confirmed in autopsy specimens . L = left coronary cusp; R = right coronary cusp .
Doppler velocity flow meter was sufficiently accurate for the purpose of the current study .
Intraoperative flow velocity measurements . The measurements were taken, using the pulsed Doppler velocity flow meter, from 16 patients undergoing heart surgery, after median sternotomy and opening of the pericardial sac but before extracorporeal circulation was started. The probe was placed on the ascending aorta about 1 cm from the aortic valve (Fig. 3) . The ascending aorta is still straight at this position and the ultrasound beam does not go under the aortic valve. We confirmed these two observations in autopsy specimens . Six positions were taken around the aortic wall at the same distance from the aortic valve (Fig . 4) . Those positions were not exactly the same in each patient because we chose them using the origin of the right coronary artery as a standard point . We placed the probe just I cm distal to the origin of the right coronary artery as position 3 ; the two nearby positions were 6 to 7 mm apart . It has been established that the site of origin of the right coronary artery is not always the center of the right coronary sinus ; in some instances this site is very close to the left coronary sinus and in others it is adjacent to the noncoronary sinus . Furthermore, in four patients we could measure the velocity in only four positions because their aorta was too thin to place the probe at all six points . Results now velocity profiles (Fig . 5) . In all 16 cases, the peak velocity profiles were not flat but parabolic . The velocity profiles at each point were plotted at 20 ms intervals until the maximal systolic phase was reached. The peak velocity, which was attained at point 3 in four cases, at point 4 in nine cases and at point 5 in the remaining three cases, ranged from 72 .7 to 133.9 curls (mean 104.2). The interval between the onset of the P wave of the ECG and the time when the maximal velocity was measured ranged from 180 to 290 ms (mean 233).
The peak velorily profiles were not symmetrical bat were skewed, IPA higher velocities toward the right anterior wall (Fig . 5) . The peak velocity profiles not only were parabolic, but also were asymmetric . There was a tendency for the highest velocity to be found closer to the right anterior vessel wall because these peak velocity profiles were measured at The apparatus we made displays the velocity, which is twice the length projected on the ultrasound beam . This is because the apparatus was made on the assumption that the blood velocity vector is parallel to the long axis of the aorta .
Therefore, the value of the velocity is obtained by dividing the length on the ultrasound beam by cosine of 60' . As a result, if the measurement shows that the velocity is K, the following equation is made :
As O dour example . we chose the case in which measurements of the artifacts were the least; we selected points 3, 4 and 5 because these three points were the easiest positions for which to fix the probe (Table 1) . We assumed that point Table I we obtain the solutions shown in Table 2 . Figure 8 shows the LAIC Tot. li . N. . 4 ttclnhcr 19NN:947-54 vector directions and the lengths . At first the vector is directed toward the commissure of the right and noncoronary cusps. The direction changes clockwise and spirally to the long axis of the aorta and finally is slightly skewed to the left coronary cusp.
Discussion
Flow velocity profiles at the aortic root . As mentioned, in past studies some investigators observed flat flow velocity profiles whereas others found profiles that were skewed or parabolic. However . it was commonly believed that the flow velocity profiles at the aortic root were more or less flu, (11) . Against this background, out, study demonstrates that the flow velocity profile at the aortic root is not flat . but parabolic with the parabola being skewed toward the right anterior wall . Furthermore . we found that the vector of the velocity is not parallel to the long axis of the aorta but initially skewed toward the commissure of the right coronary and noncoronary cusps . then changing clockwise and spirally in the direction of the long axis of the aorta .
Mechanisms . At present, we have not solved the mechanism responsible for these new findings . 1 : miry re-ft Ifiam. the complicated contraction pattern of the left ventricle or from a local anatomic factor. Nevertheless, it is almost certainly due in part to a discrepancy between the "axis" of the left ventricle and the "axis" of the aorta during ejection . This view is supported by the work of Anderson and Becker (12) , who found that a considerable angle exists between the trabecular and outlet sections of the left ventricle .
Role in aortic atheroselerosis and calcification . Our results yield two important conclusions. First . they can explain why calcification of the aortic valve almost always occurs first at the commissure of the right coronary and noncoronary cusps . It is considc~ed that the jet in early systole, which is directed toward this commissure may cause damage to it . In addition . the higher blood velocity at the right anterior wall means that high wall shear stress exists at this site .
It has long been suspected that mechanical and hydrodynamic factors are concerned in the genesis of atherosclerosis and calcification . but this theory has been largely speculative . Fry (13) studied the short-term changes in endothelial histology that are associated with an induced increase in blood velocity . He concluded that endothelial cell degeneration can be produced suddenly either by turbulence or by increased shearing stress on the cell surface from the adjacent blood flow. On the other hand . Caro et al . (14) restudied the rule of shear stress at the arterial wail and concluded that the optimal sites for the location of arteriosclerosis plaques are at points of minimal shear . Because it has not yet proved possible to measure unsteady wall shear accurately either in vivo or in a rigid tube . there is no general agreement about the relation between atheroma or calcification and shear stress .
Our finding that the position of the most frequently calcified site in the recta is consistent with the direction of the jet and the site of high shear stress indicates that mechanical stress is the main factor in calcification . So far we have considered that the jet causes damage to the endothelial cells of the commissure and that shear stress promotes the process of calcification . Further studies should be done to examine additional details of this consideration . Role in choosing the optimal aortic valve prosthesis . Second, our results are pertinent to aortic valve prostheses . They indicate that the best prosthesis from the hydraulic standpoint is a three-leaflet valve like a natural valve . If a hall, cage or disc exists in the aorta, the spiral flow will he disturbed and the possibility of thrombus formation or hemolysis will increase (15) .
If a tilting disc valve is inserted, the optimal direction of the valve opening should be toward the noncoronary cusp because the flow velocity vector is directed to the commissure of the right coronary and noncoronary cusps initially and then gradually rotates clockwise . This conclusion is the same as that of Olin et al . 1161 , who observed that the best hemodynamic function with the Bjdrk-Shiley aortic valve prosthesis is obtained if the major opening of the valve is oriented toward the noncoronary sinus . Their explanation . however, differs from ours : they attribute their finding to the fact that the noncoronary cusp is larger and bulges more than do the other sinuses in patients with aortic valve disease .
On the other hand, Antunes et al . (17) observed intermittent aortic regurgitation after aortic valve replacement with the Hall-Kaster prosthesis. They thought that the mechanism of valve dysfunction relates to the position of the occluder in the open position . relative to the axis of blood flow ; when the disc opens beyond the axis 3f flow. closure becomes impossible. They recommended that the disc be oriented away from the axis of flow and that the major orifice face the commissure of the left and right coronary cusps . Although they did not ascertain that the axis of blood flow is toward the noncoronary c usp . it is obvious that they assumed it . probably from their clinical experience . It is not our intention to state whether the disc should be oriented to the axis of blood flow or away from it . Before that conclusion is reached we would need to know the direction of the blood flow . Therefore, we believe that our data would have significant clinical implications in such a study .
Limitations of study . There are some potential sources of error in our measurements, It is possible that the beam does nut always pass through the center of the aorta . Whereas this possibility would not significantly affect our first two results for the blood velocity profile . our third result for the flow velocity vector would obviously be subject to error . Therefore . we chose the sample case very cautiously and carefully measured the diameter of each point . A diameter that is too short indicates that the beam does not go through the center of the aorta . We can compare the diameter to the graph of velocity versus position in the vessel (fur example, graphs in Fig. 6 ) .
Another possible source of ennr could result frnrn the probe position . Because we do not open the aorta, we are not able to measure the distance from the aortic valve . Also, we cannot know the precise positions of the three commissores . However, as mentioned in the Methods section . we JACC Vol . 12. N,, 4 Onober wsa:947-s4 confirmed in autcpsy speeit rens Ih-u Tier probe i ,-placed on the straight part of the aorta and that the ultrasound beam does not enter the left ventricle . Also, as previously mentioned, we used the origin of the right coronary artery as the center mark of the right coronary cusp (Fig . 4) . but the position of the right coronary artery varies considerably among individuals.
Furthermore . n very funds nenial proh!etn exists . Our pulsed Doppler flow velocity meter was made on the assumption that the direction of the blood velocity vector is parallel to the long axis of the aorta at any point of the cross-sectional area of the vessel . But this was not the case . In fact, when we examined the direction of the blood velocity vector at the center of the cross-sectional area of the ascending aorta using data obta6ted from measuring three different points, tee found that the direction was not parallel to the long axis of the aorta and also that it changed with time . So when we state that the flow velocity profile is skewed toward the right anterior wall, we should precisely describe that the profile of the long-axis element oi the velocity is skewed toward that wall . It is also not clear whether the direction of the flow velocity vector at points other than the center of the aorta is parallel to the direction of the center vector, However, when blood ejects from the left ventricle, one large flow seems to exist, so it is probably true that the directions of almost all blood velocity vectors near the center of the aorta are parallel, especially at peak systolic time .
Conclusions. Despite these several potential sources of error, we believe that our measurements are accurate enough to allow us to state that a parabolic flow velocity profile skewed toward the right anterior wall exists and that the velocity vector at the center of the aorta is directed initially toward the commissure of the right and noncoronary cusps and then gradually toward the long axis of the aorta . We recognize that the anatomy of the aortic root may vary from one individual to another, so that blood flow patterns may be different as well . Moreover, in a patient who has heart disease such as mitral valve disease or has had a previous heart operation, the direction of the ejected blood flow will be quite different. Yet despite these few exceptions, we strongly believe that a basic blood flow velocity pattern exists and that our measurements accurately describe the general profile of the blood flow velocity at the aortic root . Figure 9 shows the geometric co~nfi ¢ovation of the problem . OA is the velocity vector (X, Y, Z) . OB is the vector that is made by projecting the vector OA on plane H (the plane is shaded), which is formed by the Z axis and the ultrasonic beam OF . Therefore, AB is perpendicular to OB .
From point B, line BC is drawn on plane H parallel to the Z axis down to the X-Y plane. Therefore, BC is perpendicular to OC . . Therefore. AD is perpendicular to OD . Because AB is perpen ' diculer to BC. BC is perpendicular to CD and CD is perpendicular to A0 . the length of BC is equal to the length of AD and Z . That is.
IBCI -IADI = Z.
Bcamsc AD is perpendicular to OD . the length of OD (IODI) is given by IODI=Vx = + y .
Because AB is parallel to CD and AB is perpendicular to OC. CD 1= perpendicular to CO.
Let the angle en denote the angle between the Y axis and OD. Because the angle 9is the angle between the Y-Z plane and the plane H . the length of OC (IOCI) is given by ',OCI -100 cos (a -9) = V x7 + y cos la -01 .
11)
Let the angle p denote the angle between OB and OC . As the ultrasonic beam makes a 60° angle with the Z axis, it makes a 30°a ngle with the X-Y plane . When one draws the line from B perpendicular to the line OF, they cross at point E . As BE is perpendicular to EO and AB is perpendicular to EO . the plane that is made by the three points A . B and E is perpendicular to BO . Therefore. the line AE that is on that plane is perpendicular ;o OE . Thus . the length of OE 110E0 is the length of the velocity vector OA projected on the ultrasonic beam and 'OEI is given by IOEI = OBI cos (p -30').
According to the definition, 
